Background: Antithyroid drugs (ATDs) may have teratogenic effects when used in early pregnancy. Objective: To review the association between the time period of ATD exposure in early pregnancy and the development of birth defects. Methods: We identified publications on birth defects after early pregnancy exposure to the ATDs methimazole (MMI; and its prodrug carbimazole (CMZ)) and propylthiouracil (PTU). Cases of birth defects after ATD treatment had been initiated or terminated within the first 10 weeks of pregnancy were identified and studied in detail. Results: A total of 92 publications were read in detail. Two recent large controlled studies showed ATD-associated birth defects in 2-3% of exposed children, and MMI/CMZ-associated defects were often severe. Out of the total number of publications, 17 included cases of birth defects with early pregnancy stop/start of ATD treatment, and these cases suggested that the high risk was confined to gestational weeks 6-10, which is the major period of organogenesis. Thus, the cases reported suggest that the risk of birth defects could be minimized if pregnant women terminate ATD intake before gestational week 6. Conclusion: Both MMI and PTU use in early pregnancy may lead to birth defects in 2-3% of the exposed children. MMI-associated defects are often severe. Proposals are given on how to minimize the risk of birth defects in fertile women treated for hyperthyroidism with ATDs.
Introduction
Hyperthyroidism in pregnancy may seriously hamper the health of the pregnant woman, interfere with the development of the fetus, and threaten fetal survival. Thus, planning and control of therapy for hyperthyroidism in a woman who is or in the future may become pregnant is a major concern (1, 2, 3, 4) . The dominating cause of hyperthyroidism in women of fertile age is Graves' disease (5) , and antithyroid drug (ATD) therapy is commonly used to achieve euthyroidism and a gradual remission of the autoimmune aberration of Graves' disease (6) . However, the ATD methimazole (MMI) and its prodrug carbimazole (CMZ) may have teratogenic effects (7, 8, 9, 10, 11) , and recently it has been shown that children who have been exposed to propylthiouracil (PTU) during the period of organogenesis are also at an increased risk of having some specific birth defects (11) . In general, major structural defects are observed in w3% of neonates (12) and additional birth defects are detected later. Thus, the prevalence of identified birth defects approximates to 6% in 2-year-old children (12) . The first publication on a possible teratogenic effect of ATDs was a 13-line-long letter published in 1972 by Milham & Elledge (13) reporting that among 11 mothers giving birth to newborns with scalp defects, two mothers had been treated with MMI during the pregnancy for hyperthyroidism (one of the mothers delivered twins both of whom had scalp defects). More cases of aplasia cutis after MMI exposure were reported, and in 1994 Mandel et al. (14) concluded in a review that there was insufficient evidence either to establish or to eliminate a direct causal relationship. After this, more cases were published including, now also, more severe birth defects leading to the term methimazole/carbimazole embryopathy (7, 8) , as described in several reviews (9, 15) . Still, some studies have been negative (16, 17) , and until recently, the additional risk of birth defects after early pregnancy use of MMI/CMZ was considered to be very low (2, 3) . PTU was considered not to be teratogenic (2, 3) , even if some non-human studies were positive (18, 19) . However, two recent large controlled studies have shown that the risk is not negligible (10, 11) .
Two new large studies substantiate birth defects after use of ATDs A Japanese hospital record study published in 2012 (10) and a Danish National Registry study published in 2013 (11) both looked for birth defects in children born to mothers treated with MMI/CMZ in early pregnancy (Japan, nZ1426 and Denmark, nZ1097) compared with children born to mothers who had been treated for hyperthyroidism, but not in early pregnancy (Japan, nZ2065), or children born to mothers who had never been treated for thyroid dysfunction (Denmark, nZ811 730). Some other important methodological differences between studies are to be noticed.
The Japanese mothers were included if they had attended a specific hospital in Tokyo for Graves' disease. Depending on local referral patterns, this may to some extent have selected patients with more severe Graves' disease (20) . The Danish study included all live-born Danish children over a period of time. In the Japanese study, mothers had been interviewed about the presence of birth defects at the first consultation after delivery. The Danish study included all types of birth defects that had been registered in Danish hospitals at in-and outpatient visits before the child was 2 years old. Thus, the Danish study also included minor birth defects and birth defects that were not detected immediately at birth. A major strength of the Japanese study was knowledge of the dose of the ATD given in early pregnancy, and information on the thyroid function of the mother during the period. Notably, neither abnormal maternal thyroid function nor the dose of the ATD taken by the mother in early pregnancy influenced the risk of birth defects in multivariate analyses.
The results of the two studies were quite similar regarding the risk of birth defects after MMI exposure. In Japan, an additional 2.0% of children (controls, 2.1% and MMI-exposed, 4.1%) had defects, and in Denmark this was 3.4% (controls, 5.7% and MMI/CMZ-exposed, 9.1%) (P!0.001 in both studies). Owing to the different methods used to record birth defects, the frequency of birth defects was in general higher in the Danish study. In both studies, about half of the excess cases were caused by the types of birth defects described previously under the term 'methimazole/carbimazole embryopathy' (7, 8) . They were especially aplasia cutis, omphalocele, omphalomesenteric duct anomaly, choanal atresia, and esophageal atresia. As the Danish study included the large control group, this study had more statistical power to detect subgroups of birth defects and defects with a low prevalence, and the study also found a significantly higher risk of circulatory (primarily confined to heart septal defects), eye, and urinary birth defects after MMI/CMZ exposure in early pregnancy.
A major difference in study results was the association between PTU exposure in early pregnancy and birth defects. In the Japanese study, no such association was observed, whereas the Danish study found an overall increase in risk with an additional 2.3% of exposed children having birth defects. The PTU-associated birth defects appeared to be milder and were restricted to preauricular sinus/cyst and fistula and urinary system defects. Urinary system defects may coexist with pre-auricular malformations (21) . The difference in findings between the two studies is likely to be caused by the difference in the recording of birth defects: early post partum maternal interview in Japan vs the recording of all diagnoses up to 2 years of age in Denmark. Moreover, the findings in relation to PTU in Denmark would not have been statistically significant, if the study had not included the large control group of more than 800 000 children born to mothers who were never treated for thyroid dysfunction.
Time windows of relative safety and high risk
The vast majority of reported cases of birth defects after pregnancy exposure to ATDs have occurred after ATD therapy in the first trimester of pregnancy (9, 15) , which is the period of organogenesis as illustrated in Fig. 1 (12) .
As MMI/CMZ, but not PTU, had previously been associated with a higher frequency of birth defects, it has been recommended to use PTU and not MMI/CMZ during the first trimester of pregnancy, and to shift from MMI/CMZ to PTU therapy in early pregnancy if the woman received MMI/CMZ before the pregnancy (2, 3) . MMI/CMZ is the recommended therapy in non-pregnant patients, because it has a better pharmacodynamic profile and less severe side effects than PTU (22) .
We have evaluated this recommendation with a special focus on the association between the time of ATD exposure in early fetal life and the risk of birth defects. Two sets of data will be presented and used for discussion, one set was retrieved from a systematic literature search and the other was derived from our Danish register study (11) .
Shift between therapies in early pregnancy
We identified published cases of birth defects after ATD use in early pregnancy by a PubMed search using combinations of the drugs (antithyroid drugs/ methimazole/carbimazole/propylthiouracil) AND birth defects (birth defects/malformations/congenital malformations), followed by screening of abstracts, reading of articles, and inclusion of additional publications mentioned in the retrieved articles.
In addition to our Danish Registry study (11) to be discussed below, a total of 91 reports were read in detail, and 24 cases with ATD-associated birth defects where shifts in ATD therapy (start/stop of therapy or shifts between MMI/CMZ and PTU) had occurred during gestational weeks 1-10 were identified in 16 of the 91 publications (7, 8, 10, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35) . Published gestational week (calculated from the 1st day of the last menstrual period) when start or stop of ATD treatment had occurred was retrieved from these publications. Figure 2 shows the time of pregnancy (gestational week) when therapy with MMI/CMZ had been stopped or initiated in the 24 cases from the literature of children diagnosed with birth defects after having been exposed to MMI/CMZ during a period of the first 10 gestational weeks. All the types of defects included in this analysis have been found associated with MMI/CMZ exposure in several studies including dysmorphia with a characteristic facial appearance (7, 8) and urinary system defects (11) .
As illustrated in Fig. 2 , two cases of aplasia cutis have been reported after exposure that took place during, but not after, the first 4 weeks of pregnancy (10, 29) . One of the cases had first been evaluated for publication a long time after exposure, at the age of 5 years (29) . Apart from these two cases, all reports included exposure during gestational weeks 6-10. Notably, gestational weeks 6-10 estimated from the 1st day of last normal menstruation correspond to embryological weeks 4-8 because conception takes place w2 weeks after the 1st day of the last menstrual period. Gestational weeks 6-10 are the period of major organogenesis (Fig. 1) .
Therapy shifts in the Danish Registry study
In addition to the literature search, we investigated in detail the time of exposure and the type of birth defects in the 149 pregnant women in our previous Danish Registry study who had shifted from MMI/CMZ to PTU in early pregnancy (11) . Our previous study had illustrated that a routine shift from MMI/CMZ to PTU may give little protection against birth defects, because 13 of the 149 children (8.7%) had birth defects (11) . Figure 3 illustrates the time of gestation at which the mothers of the 13 Danish children with defects had shifted from MMI to PTU. Cases with birth defects were stratified according to the type of birth defect. The upper www.eje-online.org row of the figure shows the time of shifting for the individual cases in which the birth defect belonged to a type associated with MMI/CMZ exposure in the study (11) , and the second row with PTU exposure. Urinary defect (third row) was associated with both MMI and PTU exposure, whereas the types of birth defects depicted in the lower row were not significantly associated with either MMI or PTU in the Danish Registry study (11) .
As depicted in Fig. 3 , MMI-associated defects were only observed when a shift had been performed at or after 7 weeks of pregnancy, whereas the two PTU-related defects occurred when PTU had been started at 6 weeks of pregnancy. On the other hand, when defects were not related to MMI or PTU, shifts were more evenly distributed over time. Table 1 shows the time of shift in various groups in the study (11) . Compared with the group of children without birth defects, shifts had been performed 20 days later in the group with MMI-associated birth defects (PZ0.016). On the other hand, the time of shift in relation to gestation was similar in the group without birth defects and the group with birth defects not related to MMI or PTU (PZ0.83). Direct comparison of the time of shift in the group with MMI-type defects and the group with nonspecific birth defects had low power because both groups included only five mothers, and the difference was not statistically significant in a two-sided test (PZ0.075).
Even if the number of cases is limited, Fig. 3 suggests that PTU-associated defects might occur if PTU is given later than gestational week 5, which is compatible with the main type of PTU-associated malformation taking place during gestational week 6 (36). In our previous study (11) , three children had birth defects after early (gestational weeks 4 and 5) pregnancy shifts from PTU to MMI/CMZ. One child had a typical MMI/CMZ-associated defect (esophageal atresia, shift week 4), whereas the two other children had defects that were not associated with ATDs in the main study.
Taken together, Fig. 3 and Table 1 suggest a crucial importance of even a few weeks' delay in termination of MMI therapy. Moreover, based on the various findings in mothers who changed therapy in early pregnancy, it may be anticipated that termination of ATD therapy before the end of gestational week 5 will nearly eliminate the risk of both MMI-and PTU-associated birth defects.
Few cases have been reported that do not fit into the general pattern of the time of exposure. As already discussed (Fig. 2) , two cases of aplasia cutis were reported after MMI treatment had been given during the first 4 weeks of gestation only (10, 29) . Furthermore, a neonate was reported to suffer from choanal atresia after exposure to MMI during gestational weeks 28-37 (31) , and another neonate to have esophageal atresia with fistula to the trachea after maternal intake of MMI had been initiated at 14 weeks of gestation (37) . All the types of birth defects seen after ATD use may also occur without ATD use. Thus, it is to be expected that some cases would not 'fit into the pattern'. Still, from the cases included in the present (25), and a case offacial dysmorphia after stop of MMI at 5 1 ⁄ 2 weeks of pregnancy had restarted MMI at 9 weeks of pregnancy (28) .
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www.eje-online.org review, it cannot be excluded that there is some risk of aplasia cutis even after exposure to MMI/CMZ before week 5 and also after week 10. Apparently, there is little or no association between the dose, within the dose range used for therapy, of ATDs used and the risk of birth defects (10, 31, 32) . One Japanese study published in 1984 found that only two out of six hyperthyroid mothers giving birth to children with defects had received MMI in early pregnancy, and it was proposed that hyperthyroidism and not the drug was the main cause for the increase in risk of birth defects (38) . However, this conclusion is not supported by the more recent and much larger Japanese study (10) . Furthermore, the very different patterns of birth defects in patients treated with MMI/CMZ and PTU (11) are a strong argument against maternal hyperthyroidism being the main cause for the defects observed, and in a large part of the cases reported after the use of MMI/CMZ the mother was euthyroid in pregnancy.
Withdrawal of ATD therapy in early pregnancy
The autoimmune abnormality leading to hyperthyroidism in Graves' disease tends to gradually enter remission during ATD therapy, as discussed previously (39) , with the disappearance of TSH receptor auto-antibodies from serum (6) . If ATD therapy is withdrawn after 12-18 months of therapy, around half of patients will experience a relapse of hyperthyroidism, but normally relapses will not develop immediately. In a prospective study performed in Sweden, only two out of 16 (non-pregnant) patients who had a relapse of hyperthyroidism during 3.5 years of follow-up after termination of 18 months of ATD therapy became hyperthyroid within 2 months after drug withdrawal (6) . Figure 4 illustrates a case of severe birth defects of the 'methimazole/carbimazole embryopathy' type from the Danish study (11) . The woman had first received blockC replacement therapy for hyperthyroidism for 2 years. This is a common type of therapy for Graves' hyperthyroidism in Denmark (40) . After withdrawal of medication, she received no medication for another 2 years before again starting treatment with MMIClevothyroxine (L-T 4 ), which was given for another 2-year period. Before the withdrawal of ATD treatment, the patient became pregnant, and the last MMI prescription was redeemed in gestational week 8. During the second and third trimesters of pregnancy, no thyroid medication was prescribed. Delivery was at week 35. Apparently, hyperthyroidism relapsed post partum, and the patient was again treated with blockCreplacement. Finally, surgical thyroidectomy was performed (as shown in Fig. 4) .
At birth, the neonate had severe MMI embryopathy and was diagnosed with choanal atresia, esophageal atresia MMI PTU C h o a n a l a tr e s ia C h o a n a l a tr e s ia V S D P re a u ri c u la r s in u s a n d c y s t with tracheal fistula, jejunal atresia/stenosis, kidney cysts, omphalocele, and cardiac defects (ventricular and atrial septal defects). Subsequently, inpatient hospital contact with these diagnoses was nearly continuously registered for more than 1 year, and O20 surgical procedures had been registered before the child died. Based on the data reviewed above, it may be speculated that these severe malformations might not have occurred if the MMI therapy had been terminated already in gestational week 5. The mother presented in Fig. 4 was treated using a combination of MMI and L-T 4 (blockCreplacement therapy), which should in general not be used in pregnancy, as it may lead to fetal hypothyroidism (1) . Moreover, the dose of ATDs used in combination would tend to be higher than the dose of ATDs given as monotherapy. Even if there is no indication of an ATD dose effect on the risk of birth defects at present, as discussed above, clear dose effects have been observed after the use of other types of teratogenic drugs (12) .
In a case like this, the mother would probably have remained euthyroid for the remaining pregnancy after ATD withdrawal in gestational week 5, and at least she would have had a high probability of staying euthyroid without ATD treatment for the following 6 weeks when fetal organogenesis took place (Fig. 1) . If biochemical signs of overt hyperthyroidism had developed, therapy could have been given with PTU, which appears to be associated with less severe birth defects (11), or if in Japan with pharmacological doses of iodine (41) . Unfortunately, there is little recent experience with prolonged iodine therapy for hyperthyroidism in pregnancy outside of Japan.
Therapy for hyperthyroidism in fertile women
It is beyond the scope of the present review to discuss all aspects of therapy for Graves' hyperthyroidism in fertile and pregnant women (1, 2, 3, 4) . The risk of birth defects after use of ATDs in early pregnancy may support the use of other types of therapy in some patients. Radioiodine is not to be used during or immediately before pregnancy, and the tendency of radioiodine therapy to be followed by a long-lasting increase in serum concentrations of thyroidstimulating antibodies may increase the risk of fetal and neonatal hyperthyroidism during a subsequent pregnancy (6) . Thus, we would consider surgical thyroidectomy a better solution in young women with severe Graves' hyperthyroidism that shows little tendency to remission during ATD therapy. In retrospect, surgical thyroidectomy might have been an optimal therapy at first relapse of hyperthyroidism in the patient illustrated in Fig. 4 . The use of ATDs during gestational weeks 6-10 should be restricted as much as possible, as outlined in Table 2 . In a large study (42) , low serum TSH in early pregnancy corresponding to subclinical hyperthyroidism in a non-pregnant patient was not associated with adverse pregnancy outcomes, and such patients should not be treated with ATDs.
When ATD therapy is given to fertile women, we propose that a written instruction is given to the patients (Table 2 ). In our opinion, patients should be instructed to perform a pregnancy test within a few days (maximum 1 week) after the 1st day of a missed menstrual period, if pregnancy is a possibility. According to specifications from Danish pharmacies (www.apoteket.dk), self-administered pregnancy tests have turned positive in 99.9% of pregnancies already at the 2nd day of a missing menstrual period caused by pregnancy.
If the pregnancy test is positive, patients should immediately contact their physician and take no more ATDs before such contact. The physician contacted should evaluate, if it is feasible to observe without therapy, but with weekly thyroid function testing for the remaining part of the first trimester of pregnancy. If ATD therapy has already been given for more than 6-12 months and recent thyroid function tests have been normal, close observation without ATD therapy will probably often be sufficient during the critical period of organogenesis. If ATD therapy is necessary, PTU should be used, because birth defects after PTU therapy seem to be less severe.
It is important that women treated with an ATD know that untreated hyperthyroidism in pregnancy also involves a major risk of severe maternal and fetal complications and that close collaboration with the responsible physician is imperative.
We support the proposal that women who plan pregnancy are shifted from MMI to PTU already before the pregnancy (9), as previously recommended in Japan (43) , even if concern has been raised on the risk of PTU-related MPO-ANCA-positive vasculitis in women who had previously received PTU (43) . Moreover, the minimal risk of PTUassociated hepatic failure should be taken into account (44) .
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